Abstract --Introduction. Environmental conditions and cultural practices vary considerably from one region to another. Therefore, a long-term study was carried out to investigate the horticultural adaptability and performance of 'Olinda Valencia' and 'Parent Washington Navel' orange trees on nine commercial rootstocks in the Najran area of Saudi Arabia. Materials and methods. The trees were planted in 1987 with a (6.0 × 6.0) m spacing and a density of 278 trees·ha -1 . Fruit yield, fruit size, individual fruit weight, peel thickness, percent of juice, soluble solids and acid were measured. Results. Over the 7-year production period, trees on Volkamer lemon (VL), Citrus macrophylla (Cm) and rough lemon (RL) were the most productive and trees on Cleopatra mandarin (Cleo) and Swingle citrumelo (Sc) were the least productive. Trees on Sour orange (SO), Amblycarpa, Carrizo citrange (CC) and C. taiwanica (Ct) were intermediate in fruit production. The greatest fruit individual weight and largest fruit were found on trees budded on RL, VL and Cm, while the lowest fruit weight and smallest fruit were found on trees budded on Cleo and SO. Trees on RL had the lowest juice content. Fruit from trees on CC and SO accumulated the highest soluble solids and fruit from trees on Cm and Ct accumulated the lowest soluble solids. Valencia trees produced more fruit with higher juice content and soluble solids than Navel trees. Conclusion. Overall, trees on Swingle citrumelo and Cleopatra mandarin performed most poorly. Trees on vigorous rootstocks (Volkamer lemon, C. macrophylla, rough lemon) performed better and were more productive than trees on other rootstocks and Valencia trees were more profitable than Navel trees.
Introduction
Citrus acreage in the Kingdom of Saudi Arabia is over 15 000 ha. The Najran area (lat 17° 5' N, long 44° 13' W, alt 800-1000 m), located between the Azir Mountains and the Rhub Al-Khali Desert (Empty Quarters) in Southwest Saudi Arabia, has 25% of the total citrus acreage. The climate in Najran is hot, arid and subtropical with an average yearly rainfall of 60 mm falling mainly during the winter, which is relatively mild. That area, with over 1 million trees and over 1 000 citrus orchards, has mean maximum and minimum temperatures of 23-36°C and 6-20°C, respectively. Orchard size ranges from (1 to 50) ha. In the Kingdom of Saudi Arabia, fruit is not sold based on soluble solids. All fruit is marketed fresh by weight and consumed locally [1] .
'Clementine' mandarin and 'Parent Washington Navel' orange are among the most popular citrus cultivars grown in the Najran area. Fifteen years ago, the most popular rootstocks in the area were sour orange, 'Troyer' and 'Carrizo'. Because of increasing problems with high pH and salinity, rootstocks have become a more critical issue than in previous years. 'Volkamer' lemon, Citrus macrophylla and 'Cleopatra' mandarin have been gaining ground and are becoming very popular [2] .
Rootstocks have had a substantial role in the development of the citrus industry in the world. The effect of rootstocks on citrus fruit production and fruit quality has been intensively studied in many citrus-producing areas . Findings from these studies have revealed different results and inconsistent conclusions, which were attributed to several factors including climatic conditions and soil characteristics. Therefore, it is unwise to adopt rootstock recommendations from one part of the world to another without a thorough evaluation locally. Since environmental conditions and cultural practices are unique and vary considerably from one area to another, a long-term study was carried out to determine the horticultural adaptability and performance of 'Olinda Valencia' and 'Parent Washington Navel' orange [Citrus sinensis (L.) Osbeck] trees on nine commercial rootstocks grown on a typical soil where the Saudi Arabian citrus industry is flourishing. On-site field evaluation of rootstocks benefits local growers in selecting the most suitable rootstocks for their citrus cultivars under their specific climatic and edaphic conditions.
Materials and methods
The experiment was conducted in Najran, Saudi Arabia, to compare the effects of sour Taiwanica) , Amblycarpa (Citrus limonellus var. Amblycarpa Hassk), 'Volkamer' lemon (Citrus volkameriana Ten and Pasq.), and Macrophylla (Alemow) (Citrus macrophylla Wester) on different fruit characteristics of 'Olinda Valencia' and 'Parent Washington Navel' orange trees. The budwood source and budded trees were free of viruses and viroids. The trees were planted in 1987 with a (6.0 × 6.0) m spacing and a density of 278 trees·ha -1 .
The soil texture was loamy sand (85% sand, 11% silt and 4% clay) throughout the rootzone, with a 2.9% CaCO 3 content and a pH of 8.2. The soil pH has been increasing very slowly due to irrigation water. The soil was deep and well drained with no known impervious layer. The depth to the water table ranged from 50 to 80 m. The trees were managed according to standard local commercial practices, pruned annually, and watered as needed using a drip-irrigation system delivering (120 to 180) L per day. The irrigation water had a pH of 8.0 and an electrical conductivity of 1.02 dS·m -1 . In early November, each tree was fertilized with 1.0 kg of 18-7.9-4.2-1.5 (N-P-K-Mg) and 25 kg of composted manure. One kilogram of N from urea was also applied three times (1/2 in January, 1/4 in March and 1/4 in May). In the spring, foliar sprays of manganese and zinc were also applied. The soil was kept free of weeds using post-emergence herbicides. Pest populations were kept under control following a recommended pest management program.
The fruit yield of each tree was taken at harvest. Fruit samples (10 fruits per tree from all canopy sides) from each experimental plot were collected for fruit quality measurements and evaluations. Individual fruit weight, fruit diameter, peel thickness, juice weight, total soluble solids or Brix, and titratable acid concentrations were determined in the laboratory using standard procedures. Juice was extracted from the fruit samples, weighed, and tested for Brix and acid. The Brix content (mostly soluble sugars) was determined using a hydrometer that measured the specific gravity, which was converted to degrees Brix. The percent acid was determined by titration using sodium hydroxide and a phenolphthalein indicator.
The experiment was a complete randomized block design and consisted of nine treatments (rootstocks) with four replications of 4-tree plots. Statistical analysis was conducted using analysis of variance and Duncan's multiple range test was used for mean comparison when the F-test was significant at P < 0.05.
Results and discussion

Fruit yield
Overall, fruit yield was higher for Valencia than for Navel fruit (table I). Fruit yield was generally better in 1995 due to the relatively dry and cool winter weather, which induced heavier bloom and better fruit set compared with the other years. Over the seven-year production period, trees on Volkamer lemon, Citrus macrophylla and rough lemon were the most productive. Trees on Swingle citrumelo and Cleopatra mandarin were the least productive. Trees on sour orange, Carrizo citrange, Citrus taiwanica and Amblycarpa were intermediate in fruit production (table I). The poor crop for trees on Cleopatra mandarin was partly attributed to Phytophthora infestation, which also reduced growth and tree size. Trees on Cleopatra mandarin grew slowly and fruited poorly during the first few years. Trees on Swingle citrumelo had dieback, were relatively small, and consistently produced fewer fruit. This M. Zekri, A. Al-Jaleel Table II . 
Citrus taiwanica
Amblycarpa
Volkamer lemon
Citrus macrophylla
Valencia Navel Valencia Navel Valencia Navel Valencia Navel Valencia Navel Valencia Navel Valencia Navel Valencia Navel Valencia Navel
Mean of 28 measurements: four replications per year for 7 years.
The same letter in the last row indicates mean separation per cultivar between rootstocks by Duncan's multiple range test, at the 0.05 level.
was also consistent with Gardner and Horanic [8] who concluded that scions on Cleopatra mandarin were not precocious. Similar results of yield problems for trees on Cleopatra mandarin have been found in many citrus areas in the world. Cleopatra mandarin is considered a "lazy" rootstock because trees grafted to it fruit relatively poorly until they are (10 to 15) years of age [26] .
The yield results of this study were consistent with results of several studies conducted in different citrus-growing regions where cumulative yields were higher on trees budded on Volkamer lemon and rough lemon than on those budded on Swingle citrumelo and Cleopatra mandarin [5, 12, 18, 25, 27] . However, in other studies, no significant differences in cumulative yields were found between rootstocks including Cleopatra mandarin, Sour orange, Carrizo citrange, Volkamer lemon, rough lemon, Citrus taiwanica and Citrus macrophylla [6, 11] . Furthermore, trees on Swingle citrumelo produced the highest fruit yield as compared with other rootstocks [14, 15, 17, 19, 20] . All these results indicate the inconsistency in yield differences as affected by rootstocks, which could be attributed to differences in scion cultivars, tree age, climatic conditions and soil characteristics.
Fruit size
The largest fruit were obtained from trees on Volkamer lemon, Citrus macrophylla and rough lemon, while the smallest fruit were found on trees budded on Cleopatra mandarin and Sour orange (table II) . Similar results were found by several other authors, where fruit were the smallest or lightest from trees on Sour orange and Cleopatra mandarin and the largest or heaviest from trees on Volkamer lemon, rough lemon and Citrus macrophylla [3, 4, 12, 14, 19, 25] . On the other hand, no significant differences were found in 'Valencia' orange fruit size and weight between trees growing on rough lemon, Cleopatra mandarin, Sour orange and Citrus taiwanica [18] , and 'Fairchild' fruit weight was higher from trees on Citrus taiwanica than fruit from trees on rough lemon, Carrizo citrange and Citrus macrophylla [7] . Furthermore, 'Ambersweet' orange fruit from trees on Cleopatra mandarin were found to be larger and heavier than those from trees on Swingle citrumelo, which could be attributed to the low number of fruit per tree on Cleopatra mandarin [21] . In general, fruit size is correlated with fruit number per tree. The fewer the fruit on the tree, the larger and heavier the fruit. Moreover, in a particular year, besides fruit load, the ultimate size a citrus fruit achieves is the result of many complex factors including nutrition and irrigation programs, rainfall distribution, pruning, and the rootstock/scion combination. Large fruit size is most often preferred in the fresh fruit market and brings high prices early in the season.
Peel thickness
Another determinant of citrus fresh quality is peel thickness, firmness or texture. Neither extreme in peel thickness is desirable. Fruit with thick peel are usually low in juice, while those with thin peel are prone to splitting and are sensitive to post-harvest problems that can occur during shipping and storage. Peel thickness was also affected by the rootstock. Peel thickness was the highest in fruit collected from Valencia on Citrus taiwanica and C. macrophylla and Navel on rough lemon and the lowest in fruit collected from Valencia on Cleopatra mandarin, Swingle citrumelo and Amblycarpa and Navel on Cleopatra mandarin and Sour orange (table III) . Differences in fruit peel thickness as affected by rootstock have also been reported in some previous studies. Peel thickness of 'Orlando' tangelo was higher for trees on rough lemon [6] and that of grapefruit was higher on Citrus taiwanica [5] as compared with Carrizo citrange. Fruit rind thickness was found to be the highest for 'Marsh' grapefruit trees on Citrus taiwanica and Amblycarpa and the lowest for trees on Swingle citrumelo, Carrizo citrange and Estes rough lemon [4] . Trees on Sour orange and Volkamer lemon produced fruit with the thickest rind [12, 16] . However, for 'Marrs' oranges, rind thickness was the highest from trees on Swingle citrumelo [19] and grapefruit rind thickness was higher for fruit from trees on Cleopatra mandarin than for those on Citrus taiwanica and rough lemon [17] .
M. Zekri, A. Al-Jaleel From all those studies, there is no consistent trend that the more vigorous rootstocks promoted thicker peel. Furthermore, not all rootstock studies showed differences in peel or rind thickness between rootstocks. Wutscher and Shull [19] did not find a significant difference in rind thickness of 'Orlando' tangelo fruit from trees grown on all the four rootstocks studied: Swingle citrumelo, Sour orange, Cleopatra mandarin and Citrus taiwanica.
Juice content
Overall, juice content was relatively higher for Valencia than for Navel fruit (table IV) . The juicier the fruit, the better is its acceptance not only for the juice market but also as a fresh fruit. Juice content values were generally higher in 1995. They might be attributed to differences in weather conditions and to the relatively lower peel thickness, particularly for Valencia. Like other fruit quality variables, juice content was affected by the rootstock and varied through the years. For Valencia, fruit from trees on Swingle citrumelo had the highest juice content while those from trees on Sour orange, rough lemon and Citrus taiwanica had the lowest juice content. On the other hand, fruit from Navel trees on Cleopatra mandarin had the highest juice content while those from trees on rough lemon had the lowest juice content (table IV) . Similar results have been reported from some earlier studies.
Fruit from trees on Swingle citrumelo and Cleopatra mandarin had the best juice percentage compared with trees on Volkamer lemon, Carrizo citrange and Sour orange [12] . Fruit from trees on Citrus taiwanica had the lowest percent of juice compared with rough lemon, Volkamer lemon, C. macrophylla and Carrizo citrange [5] . Fruit from trees on Carrizo citrange and rough lemon contained more juice than those from trees on C. macrophylla [6] . However, the juice content of 'Marrs' orange was the highest for trees on Sour orange and the lowest for trees on C. taiwanica [20] . In general, the larger the fruit and the thicker the peel or rind, the lower the juice content. Juice content was the highest for Sour orange and the lowest for Estes rough lemon, Volkamer lemon, Amblycarpa and Cleopatra mandarin [4] , and 'Hamlin' fruit from trees on rough lemon and Volkamer lemon had the lowest percent of juice [16] . On the other hand, not all rootstock studies demonstrated that rootstocks had an influence on juice content. For example, no significant difference in the juice content of 'Orlando' tangelo, 'Comune' Clementine, 'Fairchild' mandarin and grapefruit was found from trees grown on all the studied rootstocks [3, 7, 17, 19] .
Soluble solids
The flavor and palatability of citrus fruits is a function of relative levels of soluble solids, acids, and the presence or absence of various aromatic or bitter juice constituents. Although fruit quality standards, which determine minimum levels of acceptability, have not been established in Saudi Arabia, soluble solids concentration in the juice has not been completely ignored as an important parameter for fresh fruit. Overall, soluble solids in the juice were higher for Valencia than for Navel fruit (table V) . Rootstocks were also found to affect soluble solids concentration in fruit juice. Soluble solids concentration in fruit from trees on Carrizo citrange and Sour orange was the highest while it was the lowest for fruit from those on Citrus macrophylla, Citrus taiwanica, rough lemon and Volkamer lemon (table V) . Similar results were obtained by other authors. Total soluble solids were the lowest for rough lemon and the highest for Cleopatra mandarin and Sour orange [11, 17] . Total soluble solids were among the highest from fruit on Sour orange [12, 18, 20] . Fruit from trees on Sour orange, Carrizo citrange and/or Cleopatra mandarin had the highest soluble solids concentration, while those on Volkamer lemon and rough lemon had the lowest soluble solids concentration [3, 5, 7, 16, 27] . Total soluble solids were among the highest for fruit from trees on Swingle citrumelo and the lowest for fruit from trees on rough lemon, Volkamer lemon and Milam [4, 25] . The results on soluble solids of all these studies are consistent, showing poorer internal fruit quality for trees grown on relatively vigorous rootstocks such as rough lemon and Volkamer lemon compared with trees grown on less vigorous rootstocks such as Swingle citrumelo and Sour orange. The same letter in the last row indicates mean separation per cultivar between rootstocks by Duncan's multiple range test, at the 0.05 level.
Acid content
Total acidity of citrus juices is an important factor in overall juice quality and in determining the time of harvest in several citrusproducing countries. In this study, for Navel, acid content in the juice was not affected by the rootstocks. However, acid content in the juice of fruit from Valencia trees on Swingle citrumelo and Amblycarpa was higher than that from trees on Sour orange, Cleopatra mandarin, rough lemon, C. taiwanica and Volkamer lemon (table VI) . In several other studies, acid content in the juice differed between rootstocks. The lowest total acids in the fruit juice were from trees on C. taiwanica and the highest were from trees on Swingle citrumelo [19, 20] . Acid content was the highest for trees grown on Sour orange and the lowest for trees on Volkamer lemon and rough lemon [3] . Total acid was among the highest in the juice from trees on Carrizo citrange, Swingle citrumelo and Cleopatra mandarin and the lowest from trees on rough lemon and Volkamer lemon [5, 7, 16, 17] . Although internal fruit quality, including acid content, can be affected by the scion cultivar, tree age and other factors, the results on acid content from most of these studies are consistent, showing relatively low acid content for trees grown on lemon rootstocks.
Conclusions
Rootstocks can affect the success and profitability of virtually any commercial citrus culture. Rootstock use is considered essential in citriculture because of its strong influence on how and where citrus can be grown successfully. In this study, it was quite obvious that the rootstocks had a significant effect on fruit yield and quality. Failure to assess accurately the impact of climate, soils and rootstocks on the economic profitability of citrus can be a major reason for crop losses or reduced income because of reduced yield and quality potential. Trees on C. macrophylla, Volkamer lemon and rough lemon rootstocks were more vigorous, precocious and more productive than those on the other rootstocks. Cleopatra mandarin and Swingle citrumelo rootstocks are not recommended for the Najran area of Saudi Arabia because of Cleopatra mandarin's high susceptibility to Phytophthora, particularly in over-watered areas and poorlydrained situations, and because of Swingle citrumelo's poor adaptability to high pH soil, calcareous soils, and/or a relatively saline environment. Valencia trees were more profitable than Navel trees, producing more fruit with higher juice content and soluble solids. Based on this study, C. macrophylla, Volkamer lemon and rough lemon are good choices as rootstocks for 'Olinda Valencia' and 'Parent Washington Navel' orange in the Najran area of Saudi Arabia.
